genes, and several lines of evidence suggest that for context of highly tractable experimental systems in which there is a wealth of knowledge about olfactory insects such a family would belong to the superfamily of seven-transmembrane G protein-coupled receptors function and organization. For example, Drosophila offers the advantages of a model genetic organism to-(GPCRs). First, there is evidence that insects generate responses to odorants via GPCR-activated secondgether with the ability to measure olfactory function conveniently in vivo, through either physiological or bemessenger systems. For example, a rapid and transient increase in inositol 1,4,5-trisphosphate (IP 3 ) has been havioral means. Interest in insect odorant receptors has also arisen because of the critical role of olfaction in the observed in response to stimulation with pheromone and other odors using antennal preparations from variattraction of many insect pests to their plant hosts, of insect vectors of disease to their human hosts, and of ous insect species (Breer et al., 1990; Wegener et al., 1993) . This increase in IP 3 can insects to their mates. Nevertheless, efforts to identify odorant receptors in insects, based upon searches for be blocked by pertussis toxin, implicating a G protein signaling cascade (Boekhoff et al., 1990) . In Drosophila, genes bearing sequence similarities to odorant receptor genes from other organisms, or on other strategies, have norpA mutants, which lack the phospholipase C that is an essential component of phototransduction, also been unsuccessful. Here, we describe a novel multigene family encoding exhibit reduced olfactory responses of the maxillary palp (Riesgo-Escovar et al., 1995). A second reason to candidate odorant receptors that we identified from the Drosophila genomic sequence database. The 16 genes suspect that odorant receptors in Drosophila are GPCRs is that GPCRs have been shown to be odorant receptors described here were discovered using novel computer programs that identify diagnostic features of the protein in both vertebrates and C. elegans; moreover, abundant evidence indicates that olfactory information in these structure of the seven-transmembrane GPCR superfamily. Members of this new family are highly divergent from other organisms is transduced by GPCR-activated second-messenger systems (Buck, 1996; Bargmann and previously defined genes. Nearly all of the genes are found to be expressed in one or both of the olfactory Kaplan, 1998). It would thus seem unlikely that a family of receptors that have a completely novel structure and organs, and for a number of genes we show that this expression is restricted to a subset of ORNs. We show that use a completely different transduction mechanism would have arisen in insects.
that expression of different genes is initiated at different times during the development of the adult antenna, and There have been extensive efforts to identify odorant and pheromone receptors in a variety of insects using that expression of a subset of these candidate receptor genes depends on the POU-domain transcription factor, a wide range of strategies. These efforts have been driven in part by interest in analyzing receptor genes in the Acj6. , 1992 ). This analysis yielded several genes that could encode seven transmembrane domain prosequenced, we thought it likely that some of the Drosophila odorant receptor genes had been sequenced.
teins. RT-PCR with primers designed from two of these final We adopted a two-part strategy to identify odorant receptor genes from the genomic database. First, we decandidates yielded amplification products from antennal cDNA (data not shown). From RT-PCR experiments, signed a computer algorithm to search the Drosophila genomic sequence for open reading frames (ORFs) from the two genes did not appear to be expressed in the maxillary palp, abdomen, thorax, or head from which candidate odorant receptor genes. Second, we used RT-PCR to see if transcripts from any of these ORFs olfactory organs had been removed, suggesting that these genes were expressed specifically in the antenna. were expressed in olfactory organs.
For our computational screens, we used the genomic These two genes are located within 500 bp of each other at cytological position 22A (Figure 2A) closely related homologs but that none belongs to a large subfamily of highly related genes.
DOR Genes Are Expressed in Subsets
There are 67 residues that are conserved among at least 50% of the genes, and most of these (49) neurons, we carried out in situ hybridization to RNA in adult tissue sections. Of 11 genes examined, 7 showed The most divergent region in the sequences is a stretch of 30 amino acids representing part of the first extraceldetectable expression, which in every case was observed only in the olfactory organs ( Table 2 ). The 46F.1 lular loop and nearly all of transmembrane domain 3. The divergence in this region also occurs in the most probe hybridized to a subset of ORNs in the maxillary palp ( Figure 4A ). Counting of labeled ORNs in serial conserved pairs of genes: 22A.1 and 22A.2 are 75% identical overall but only 50% identical in this region, sections revealed that the total number of 46F.1-staining ORNs per maxillary palp was 18 Ϯ 1 (Table 2) To determine whether any of the DOR genes have are evidently expressed in different subsets of ORNs, because the number of neurons hybridizing with a mixed closely related homologs, we used coding regions from nine of the genes to probe Southern blots of Drosophila probe was greater than the number of neurons that hybridized when either probe was used individually (data genomic DNA at high or reduced stringency. For the closely related genes, such as 22A.1 and 22A.2, we used not shown). For neither probe was hybridization detected in the antenna, head, or thorax. a combined probe. Each probe appeared to detect only its own sequence at high stringency, while at lower strinMany of the DOR genes are expressed in the antenna and not in the maxillary palp, as determined by RT-PCR gency most genes detected one or two novel bands (data not shown). As expected, because of the overall (Table 1) . For several genes, we confirmed this localization by in situ hybridization. There are several lines of evidence indicating that (Table 1) . Thus, in the acj6 6 mutant, one subset of candidate odorant receptor genes was not expressed while these genes are likely to encode Drosophila odorant receptors. First, the predicted proteins encoded by the a different subset remained unaffected. Interestingly, genes within a cluster all showed similar dependency genes each contain approximately seven potential transmembrane domains, as expected of GPCRs. Second, on Acj6: 33B.1, 33B.2, and 33B.3, for example, all depended on Acj6, whereas 22A.1 and 22A.2 did not. In we have found that the genes are expressed in one or both of the two olfactory organs, and for a number of summary, these data support a role for acj6 in the regulation of a subset of olfactory receptor genes.
genes have shown that this expression is restricted to a subset of ORNs, as expected for odorant receptors. Third, the large number of family members, and the Discussion clustered location of some in the genome, are reminiscent of odorant receptors in other organisms. Candidate Drosophila Odorant Receptor Genes We used a novel strategy to search the Drosophila genoComparison of the sequences of these candidate odorant receptors to those from other organisms shows mic sequence database for genes encoding potential GPCRs, leading to the identification of a multigene famthat they are extremely divergent from known odorant receptors and other GPCR families. This is not surprisily with properties expected of odorant receptors. In addition to these genes, we also identified by this strating, as searches for these genes based on sequence similarity to odorant receptors from other organisms had egy a wide variety of other transmembrane proteins, a few previously identified by other means and many not succeeded, and the odorant receptor families in vertebrates and C. elegans are essentially unrelated. representing novel proteins with similarity to known transmembrane proteins. These results suggest that the There is a great deal of sequence divergence among the DOR genes, much more than among the rat sequences algorithm may be of widespread use in identifying new receptors, channels, and other transmembrane proreported by Buck unidentified, families of receptors that are expressed in the other morphological categories of sensilla. This for example, where most odorant receptor genes belong would mean that the number of odorant receptors in to subfamilies of approximately seven to ten genes Drosophila might be substantially larger than 100. (Ressler et al., 1993) .
Organization of the Drosophila Olfactory System
We have identified three DOR genes that are expressed in the maxillary palp (Table 1) genes that we were unable to detect in the antenna by has not been possible until now to consider whether the in situ hybridization-despite clear evidence for their evolutionary conservation of this equivalence extends antennal expression from RT-PCR, a more sensitive to invertebrates. If, in fact, the number of DOR genes is technique-are among those expressed at low levels. 100, then the ratio of odorant receptor genes to glomeruli We note that in C. elegans, expression of a number of would exceed two and would rise if additional families candidate odorant receptors was undetectable using of odorant receptor genes were discovered. We note GFP fusion genes (Troemel et al., 1995) . that the number of glomeruli receiving input from the As a first step in investigating the mechanisms maxillary palp has been variously estimated as three through which the complex regulation of DOR genes is and five (Venkatesh and Singh, 1984 ; Stocker et al., achieved, we tested the role of the POU-domain tran-1995); if our estimate of 18 genes expressed in the maxilscription factor Acj6, which we have previously found lary palp is correct, then the ratio of these receptor to act in governing olfactory neuron identity. We found genes to their corresponding glomeruli would fall in the that Acj6 is, in fact, required for expression of the DOR range of three to six. or 200 maxillary palps were used for RNA preparation. Total RNA and the global structure (repeated multiple domains) and characterwas prepared as described elsewhere (McKenna et al., 1994) . The ize this information with concise statistical variables. The algorithm RNA was treated with DNaseI (GIBCO BRL) for 30 min at 37ЊC, was trained on a set of 100 putative GPCR sequences from the phenol/-chloroform extracted, and reprecipitated. The entire RNA GPCRDB (http://swift.embl-heidelberg.de/7tm) and a set of 100 ranpreparation was used for oligo dT-primed cDNA synthesis using dom proteins selected from the SWISSPROT database. (We later Superscript II Reverse Transcriptase (GIBCO BRL) according to the expanded this training set greatly, but that version was not used manufacturer's directions. PCR was performed using Sigma Taq for the genes reported in this paper.) In the first step, we used three polymerase under standard cycling conditions, with an annealing sets of descriptors to summarize the physicochemical profiles of temperature of 60ЊC, gene-specific primer concentration of 1 pM, the sequences. These are: GES scale of hydropathy (Engelman et and magnesium concentration of 2.5 mM. For all genes except 2F.1, al., 1986), polarity (Brown, 1991), and amino acid usage frequency.
primer pairs that span introns were used in order to distinguish PCR For the first two of these measurements, we computed a sliding bands amplified from cDNA from those amplified from any remaining window profile (White, 1994) 
